
Order-to-Chaos Transition in Rotational NuleiF.S. Stephens, M.A. Deleplanque, I.Y. Lee, A.O. Mahiavelli, D. Ward, P. Fallon, M. Cromaz, R.M. Clark,M. Desovih, R.M. Diamond, and E. Rodriguez-VieitezNulear Siene Division, Lawrene Berkeley National Laboratory, Berkeley, California 94720(May 3, 2004)We have studied the narrow (valley-ridge) struture in the -ray spetrum following a heavy-ion fusion reation that produes several ytterbium nulei. The intensity of this struture anbe quantitatively related to the average haoti behavior in these nulei and we have traed thisbehavior from nearly fully ordered to nearly fully haoti.PACS numbers: 21.10.Re 23.20.Lv 27.60.+j 27.70.+qChaos in quantal systems is not easily de�ned; how-ever, a great deal of study has gone into omparing quan-tal systems with lassial analogs, e:g: Sinai's billiard [1℄.The result is some well established riteria for quantalsystems that are thought to indiate whether the orre-sponding lassial system would be ordered or haoti.One of these is the so-alled nearest neighbor distribu-tion (NND), i:e: the distribution of energy separationsbetween adjaent states having the same set of onservedquantum numbers (e:g: spin and parity). Another isDyson and Mehta's �3 statistis [2℄, whih examine thelevel spaings over a longer energy range. Both of theseare based on utuations in the level spaings, whih getsmoothed out as a system beomes haoti. This smooth-ing an be understood as level repulsion arising from themixing of states. Suh a mixing depends on the ratio,v=d, where v is the interation between the levels and dis their energy separation. We believe this ratio an bemeasured diretly and reliably in some rotational nulei.Chaos in nulei has been studied using the NND and�3 statistis, and early results showed that near the neu-tron binding energy in a number of heavy nulei (�8 MeVof thermal exitation energy, E�) the behavior is essen-tially haoti [3℄; whereas, near the ground state in suhnulei it is mainly ordered [4℄. We would like to studythe onset of haos between these points. The Yb nu-lei are in this region of nulei and we study them usingheavy-ion fusion reations, whih bring high angular mo-mentum (up to �70�h) and exitation energy (�80 MeV)into the fused system. In these nulei neutron evapora-tion quikly brings the average E� down to about theneutron binding energy, and the angular momentum andremaining E� are removed in a -ray asade down tothe ground state. We study this asade whih oversthe range where haos sets in. The Yb nulei were ho-sen beause nulei in this region are deformed and exhibitrotational behavior. The -ray asades in rotational nu-lei have regularities that are essential for this analysis.The physis that generates nulear -ray spetra inheavy nulei is based on the motion of individual nu-leons in the mean �eld generated by all the nuleons(e:g: Nilsson [5℄). A residual interation, v, is added,whih is the part of the nuleon-nuleon interation that

is not inluded in the mean �eld. In the Yb region, themean-�eld states are ordered at very low temperatures(near the yrast states) [6℄ and as a result they eah havedistintive rotational properties (emit  rays of a hara-teristi energy), together with assoiated quantum num-bers. With inreasing E� the separation between states,d, beomes small and the residual interation mixes thesestates (ompound damping) over an energy region whosewidth is alled the spreading width, ��. It is this mixingthat generates the order-to-haos transition we are dis-ussing. The rotational properties are then also mixed(damped) so that eah level now emits a broad spreadof  rays whose width is the rotational damping width,�rot [7℄. It has been reognized for some time that thisrotational damping an provide an observable signal forthe onset of haos [6,8{10℄.The relationship between these two types of damping isillustrated in Fig. 1. In the region of mixed levels a level(of spin, I) with three omponents is shown on the rightside of Fig. 1. Eah of these omponents emits rotational rays having di�erent energies. The level an then emit rays having any of these energies, whih generates adistribution of -ray energies, whose width is �rot. How-ever, a new feature notied by Matsuo [8℄ is that theompound damping an also show up in these spetra.This is illustrated on the left side of Fig. 1, where twoof the omponents are shematially spread over three�nal states. The width of this distribution is ��, whih,in the E� range we are disussing, is generally smallerthan �rot, as illustrated. It is also possible that the �nalstate is unmixed as illustrated by the third omponentand this results in a transition with a sharp (unspread)energy harateristi of the well known disrete bandsnear the ground state. It would be diÆult to separatethese omponents in the full spetrum.However, in a oinidene spetrum the �rst  ray (the"gate") will ome in via one of the three omponents asillustrated in Fig. 1. The level an then deay via anyof the omponents, but if it deays by the same (entry)omponent, it will have a narrow energy orrelation har-ateristi of that omponent: either unspread (disrete)or spread only by the distribution of the �nal states, ��.If it deays via either of the other two omponents, the1
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I - 2FIG. 1. A sketh of the mixed levels and transitions in-volved in rotational and ompound damping. A gate is shownpopulating one omponent of a level having spin, I.width will be omparable to �rot. Thus, if the ompo-nents have equal amplitudes, the probability for the nar-row struture, Pnar, will be one third and that for �rotwill be two thirds. This sensitivity to the omplexity ofthe wave funtion suggests a onnetion between Pnarand haoti behavior and we want to explore that on-netion.Our assumption is that Pnar depends on 2a(a0), thesquare of the amplitude of the (unmixed) entry ompo-nent, a, in the (mixed) deaying state, a0; and sine anyomponent an be the initial omponent we are measur-ing an average value. The spreading of the amplitudeof an initial state, a, over an extended range of equallyspaed levels has been treated [11℄ and leads to a Breit-Wigner distribution in energy for the strength, 2a(E),with a width, ��, given by Fermi's golden rule. How-ever, Pnar depends on the strength remaining in the ini-tial state (at essentially the initial energy). This is re-lated to the total strength lost to other states, but notspei�ally to the number of other states nor their energydistribution. With appropriate approximations, we get:1=Pnar = 1=2a(a0) = 1 + (�v=d)2: (1)Eah measured value of Pnar depends on a single variable,v=d, and this is important sine v=d is diretly related tothe haoti behavior of a system.To relate v=d to haoti behavior we diagonalize a sym-metri random matrix [12℄ that gives an ordered behav-ior (Poisson) for a v=d of zero and a haoti behavior(Wigner or Gaussian Orthogonal Ensemble, GOE) for alarge v=d. The diagonal elements are hosen randomlyover an energy interval �E < 0 < E whih de�nes both dand the initial NND (whih is Poisson). The o�-diagonalelements are hosen randomly from a Gaussian distribu-tion entered at 0 and having an rms value, v. Thismodel implies a relationship between 2a(a0) and v=d,where a(a0) is the amplitude of the initial entral state
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’)FIG. 2. The relationship of 2a(a0) to v=d is shown for Eq.1 (solid line) and the random matrix (dashed line).in the mixed entral state, and this relationship is shownin Fig. 2 ompared with that from Eq. 1. The agreementis good, giving us on�dene that Eq. 1 and the randommatrix are addressing the same problem.The data were taken [13℄ using Gammasphere at theLBNL 88-Inh Cylotron to reord  rays from the rea-tion of 215 MeV 48Ca projetiles on a 1 mg/m2 targetof 124Sn. This reation forms the fusion produt, 172Yb,whih deays into the produt nulei, 168;167;166Yb, withyields of roughly 20, 40, and 40%, respetively. Eventswere stored if 5-or-more lean (no hit in the Comptonsuppressor)  rays were in oinidene. About 2x109suh events were reorded and sorted into a 2D (E-E)matrix. Correlation spetra were generated from the 2Dmatrix using the COR proedure [14℄ whih subtratsan unorrelated bakground from the data. For a gatedspetrum this bakground is the full-projetion spetrumnormalized to the same area.Our simulation desribes the asade of  rays follow-ing the fusion reation and has been previously desribed[13℄. A very brief summary will be given here. The as-ade starts from a spin and an E� randomly seleted fromdistributions based on measured data. The asade is aompetition between E1 statistial  rays and E2 rota-tional  rays (whose properties were taken frommeasureddata or from standard estimates [15℄). Values for �rotand �� had the form: 0:0033I(E�)1=4 and 0:029(E�)3=2,respetively. These values are reasonably lose to stan-dard estimates [7,15℄. We used Pnar from Eq. 1 and inorder to �t all the gates with a single simulation we took(v=d)2 proportional to E�3 (the dependene expeted inleading order, i:e: in mixing two-partile-two-hole states)and adjusted the oeÆient to �t the intensities of thenarrow omponents. When E� is less than 0.2 MeV wemake the  rays disrete, for whih we randomly selet aband from among the lowest 2 or 3 bands that are knownto very high spins in eah of the three Yb nulei.The data (blak) and simulations (red) from this work2



0.0 0.5 1.0 1.5
Gamma−Ray Energy (MeV)

−800

−400

0

400

−800

−400

0

400

C
ou

nt
s 

pe
r 

10
6  G

at
es

−800

−400

0

400

−800

−400

0

400

800

0.0 0.5 1.0 1.5

0.7 0.8

0.9 1.0

1.1 1.2

1.3 1.4

0.66 0.49

0.35 0.25

0.17 0.12

0.07 0.04FIG. 3. The data (blak) and simulation (red) spetra (seetext) are treated identially. The gate energy in MeV is atupper right in eah plot and the Pnar value is at lower right.are shown in Fig. 3 for eight gate energies. These spe-tra are all CORs and are what we all \shift-and-add"spetra: the gates over a 60-keV range onsisting of 154-keV wide hannels. As eah gate hannel moves up ordown, we move the oinident spetrum up or down byexatly the same amount. Thus the gate always ours atthe same hannel in the oinident spetra and we have4-keV resolution for gate-related e�ets, whereas othere�ets tend to be smeared out. This is what we want.For the higher-energy gates in Fig. 3 there is a broadpeak that is a ombination of the feeding and rotationalorrelations. This broad peak beomes smaller as thegate gets lower in the feeding region and atually be-omes negative in the lowest two gates whih are belowall the feeding. In our previous work we alled this neg-ative orrelation the seondary feeding orrelation [13℄and used it to get information about the feeding.Superposed on this broad feature is a narrow valley andridge struture whih gets progressively larger as the gateenergy dereases. In detail this struture arises beausea de-exiting rotational band emits a very regular set of

 rays (like a piket fene) and gating on one of theseresults in a spetrum missing this energy - i:e: with avalley. The transitions adjaent to the gate are seen asridges whih ontinue away from the gate energy as longas the population stays in the band and the  rays arenot smeared out in energy. This is what we have alledthe narrow struture whose intensity indiates how muhof the population enters and deays via the same om-ponent of the wave funtion. (Note that these struturesan be easily resolved although, due to the high leveldensity, individual  rays above �1 MeV are largely un-resolvable using present detetors.) Early studies of thisnarrow omponent showed it was a separate struture su-perposed on the rotational-damped spetrum and roughmeasurements of its the intensity were made, in generalagreement with the present values [16℄.Measurements of the intensity of this narrow strutureare simple and reliable. They do not require identifyingseparately the ompound-damped and disrete  rays.Both of these -ray types arise from events that enter anddeay via the same omponent of the wave funtion andthey produe similar strutures in the spetrum. Thus,measuring this intensity is muh easier and more reliablethan measuring ��, for example, whih requires not onlyidenti�ation of the above -ray types but also a knowl-edge of the E� distribution from whih the  rays areemitted. In fat, measuring the intensity of this narrowstruture does not require use of a simulation ode pro-vided: �� is less than about 100 keV (usually the ase),the statistial  rays are subtrated, and the spetrumis unfolded to remove Compton-sattered  rays. Oursimulation ode takes aount of all these things.To measure v=d we ensure that the simulation �ts thedata (e:g Fig. 3) and then reord for eah gate the fra-tion of the rotational  rays that make up the narrowomponent (i:e: the ompound-damped and disrete rays). This is the average Pnar, and we then solve Eq. 1for the average v=d. This an be done for any gate energyand width and there is very little hange with gate widthup to the 60 keV width we use. Eight values of Pnar aregiven on Fig. 3 and a ninth value of 0.82 was measuredfor a 0.6 MeV gate. The unertainties on these valuesare estimated to vary from �10% for the lowest gate (0.6MeV) to �30% for the highest. All nine v=d values aregiven on Fig. 4 and the unertainties orresponding tothose on Pnar are all �20%. At the low gate energiesthe resolved disrete lines beome strong and we do notalways reprodue these well beause we inlude only 2or 3 bands per nuleus. This should have little e�et onour Pnar values. Another problem is that our simulationindiates there should be extensive motional narrowing[7℄, espeially at the highest -ray energies. This woulda�et �rot but should not a�et Pnar and we have notinluded motional narrowing in this simulation.The random matrix desribed an be diagonalized forany v=d. The NND and �3 statistis of the resulting3
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